Amylosucrase produces an insoluble K-1,4-linked glucan from sucrose, releasing fructose. In addition to polymerisation, in the presence of sucrose as sole substrate, amylosucrase catalyses sucrose hydrolysis and oligosaccharide synthesis in significant proportions. The effects of both glycogen acceptor and sucrose concentrations on the reactions catalysed by the highly purified amylosucrase from Neisseria polysaccharea were investigated. Sucrose hydrolysis decreased strongly with the increase of the concentration of glycogen, as did oligosaccharide synthesis, by glucose transfer onto glucose and fructose. The glucosyl units consumed were then preferentially used for elongation of glycogen chains. The study of the kinetic behaviour of amylosucrase revealed a strong, sucrose concentration dependent activator effect of glycogen. This activation was decreased at high sucrose concentration. The optimal sucrose concentrations increased with glycogen concentration, suggesting competition between sucrose and glycogen, and the presence of a second non-catalytic acceptor binding site which could bind various acceptors (glucose, maltose, glycogen) and also sucrose. ß
Introduction
Amylosucrase is a glucosyltransferase (E.C. 2.4.1.4) which uses sucrose to produce an insoluble K-1,4-linked glucan polymer, releasing fructose [1] . Unlike most amylopolysaccharide synthases [2] , amylosucrase does not require any K-D-glucosyl-nucleotide-diphosphate substrate [1] .
Amylosucrase was discovered in 1946 by Hehre and Hamilton [3] in cultures of Neisseria per£ava. In 1978, MacKenzie et al. [4] revealed the presence of amylosucrase in six other non-pathogenic Neisseriae : N. canis, N. cinerea, N. cuniculi, N. denitri¢cans, N. sicca and N. sub£ava. Lastly, N. polysaccharea was shown to produce an extracellular amylopectin-like polymer from sucrose [5] . Today, the enzyme from N. polysaccharea (strain ATCC 43768) is the only amylosucrase whose gene has been cloned [6^8] .
The kinetic behaviour of amylosucrase from crude extracts of N. per£ava was previously studied in the presence of sucrose and native K-glucan [9^11]. It was observed that amylosucrase was inhibited for sucrose concentrations higher than 100 mM, and kinetic data ¢tted a classical substrate inhibition model. Moreover, the enzyme was activated by exogenous amylopolysaccharides [4] , and particularly glycogen [6, 9] . Lastly, the authors assumed that the stoichiometry of the reaction was conserved between the sucrose consumed and the amylopolysaccharide and fructose produced. Indeed, sucrose hydrolysis and oligosaccharide production had never been described in the presence of sucrose and exogenous K-glucan. Similar results were reported with crude extracts of recombinant amylosucrase from N. polysaccharea expressed in Escherichia coli [6] .
Recently, we showed that pure amylosucrase presents a very complex catalytic mechanism in the presence of sucrose as sole substrate, resulting in a non-Michaelian kinetic pro¢le. In addition to the polymerisation reaction (giving exclusively K-1,4-linked glucan), several reactions occurred: sucrose hydrolysis and oligosaccharide synthesis by acceptor reactions onto the released glucose and fructose [12] . Besides, when glycogen was used as an acceptor, we also demonstrated that amylosucrase catalysed the elongation of some external chains of the polymer [8] , and that amylosucrase can be regarded as an e¤cient glucosylation tool, very useful for producing novel amylopolysaccharides.
In this paper, we have studied the activator e¡ect of glycogen on the reactions catalysed by highly puri¢ed amylosucrase. Particularly, the kinetic behaviour of the enzyme in the presence of various concentrations of glycogen and sucrose is described, and a possible mechanism is discussed.
Materials and methods

Bacterial strains
The gene encoding amylosucrase came from N. polysaccharea ATCC 43768 chromosomal DNA. Cloning of the amylosucrase gene was carried out as previously described [8] . E. coli strain BL21 was used as the host of pGEX-6-P-3 for fusion protein expression.
Enzyme extraction methods
Cultured recombinant bacteria were centrifuged (8000Ug, 10 min, 4³C). In order to extract the intracellular enzyme, the bacterial pellet was resuspended and concentrated at OD 600 nm 80, in PBS bu¡er (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3). After sonication, 1% (v/v) Triton X-100 was added to the extract. After 30 min at 4³C and centrifugation (10 000Ug, 10 min, 4³C), the supernatant was stored at 4³C.
Puri¢cation of amylosucrase
A¤nity chromatography between the glutathione-Stransferase/amylosucrase fusion protein and the glutathione-Sepharose-4-B support was performed to purify the amylosucrase as previously described [8] . The enzyme was obtained in Prescission bu¡er (50 mM Tris^HCl pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol). The protein content was determined by the Bradford and micro-Bradford methods, using bovine serum albumin as standard [13] . This puri¢cation process allowed singleband electrophoresis gels to be obtained, in native and denaturing conditions, for which proteins were stained with 0.5% (w/v) AgNO 3 [8] . Part of the same batch of puri¢ed amylosucrase was crystallised [14] .
Amylosucrase assay
Amylosucrase assay was carried out at 30³C in 50 mM Tris^HCl, pH 7.0, supplemented with 5^600 mM sucrose and 0^30 g l 31 oyster glycogen (molecular mass: 9.9U10 6 g mol 31 ), using 40 mg l 31 pure amylosucrase. Initial rates are expressed in Wmol of sucrose consumed per min in the assay conditions.
Sugar analysis
Sucrose, glucose and fructose concentrations were measured by ion-exchange chromatography at 25³C with an Aminex HP87H column (Bio-Rad Chemical Division, Richmond, CA, USA), the eluant being 8.5 mM H 2 SO 4 at 0.5 ml min 31 . Oligosaccharide separation was performed with a 250U4 mm C18 column (Bischo¡ Chromatography), eluted with water at 0.5 ml min 31 . Product characterisation was performed in a 4U250 mm Dionex Carbo-pack PA1 column. Mobile phase (150 mM NaOH) was used at 1 ml min 31 £ow rate, with a gradient of sodium acetate (6^180 mM in 20 min). Detection was carried out by a Dionex ED40 module with a gold working electrode and an Ag/AgCl pH reference.
Results
E¡ect of glycogen on the various reactions catalysed by amylosucrase
The e¡ect of glycogen concentration on the reactions catalysed by amylosucrase was studied. In the presence of sucrose and glycogen, amylosucrase was previously shown to catalyse the elongation of some external chains of glycogen, resulting in the synthesis of large amounts of insoluble polymer [8] . Reactions were ¢rst carried out with 0.5 g l 31 glycogen and 115 mM sucrose. The reaction supernatant was analysed by high performance liquid chromatography, after reacting for 48 h. It contained signi¢cant amounts of glucose, maltose, maltotriose and turanose (Table 1) , as if sucrose was used as sole substrate Table 1 E¡ect of glycogen acceptor addition on the concentrations of the soluble products (DP2: maltose and turanose) synthesised after 48 h reaction by puri¢ed amylosucrase from 0.5 g l 31 glycogen and 115 mM or 54 mM sucrose, compared to the values obtained in the absence of glycogen [12] . Maltose and maltotriose result from acceptor reactions onto the free glucose. Turanose is produced by glucosyl transfer onto the fructose released from sucrose. Oligosaccharide concentrations measured from the reaction carried out in the presence of 0.5 g l 31 glycogen and 115 mM sucrose were of the same order of magnitude as those obtained from 106 mM sucrose as sole substrate (Table 1) . Nevertheless, as the only additional product is the polysaccharide, the results presented in Table 1 reveal that in the presence of glycogen, the decrease of sucrose concentration favours the incorporation of the glucosyl units into the polymer to the detriment of oligosaccharide synthesis. Moreover, for glycogen concentrations higher than 1 g l 31 and sucrose concentrations lower than 300 mM, no sucrose hydrolysis or oligosaccharide synthesis occurred (Table 2). In the presence of such glycogen concentrations and for sucrose concentrations higher than 300 mM sucrose, only traces of glucose and oligosaccharides were detected.
Kinetic analyses
The e¡ect of both sucrose and glycogen concentration on the initial rate of fructose production is presented in Fig. 1 . During the initial rate determination, the fructose production rate was equivalent to that of sucrose consumption: at very short reaction times, only sucrose hydrolysis and insoluble polymer synthesis occurred. Indeed, oligosaccharide synthesis occurred after a signi¢cant lag phase, when fructose and glucose had accumulated in the medium. Otherwise, at any sucrose concentration, the initial rate of sucrose hydrolysis, corresponding to the initial glucose production rate, strongly decreased with increasing glycogen concentration ( Table 2) . For all sucrose concentrations tested, the initial sucrose consumption rate strongly increased with glycogen concentration (Fig. 1A) , con¢rming the activator e¡ect of this exogenous polysaccharide on amylosucrase [6, 9] . For example, at 106 mM sucrose, addition of 30 g l 31 glycogen increased the initial rate 98-fold. The level of activation is linked to glycogen concentration from 0.1 to 10 g l 31 . Above 10 g l 31 , the maximum level of activation seems to be reached (Fig. 1C) , as if amylosucrase was saturated by 10 g l 31 glycogen. We have just shown that the presence of high glycogen concentrations favours the incorporation of glucosyl units into the polymer, to the detriment of sucrose hydrolysis and oligosaccharide synthesis. Consequently, amylosucrase is a lot more e¤cient to catalyse acceptor reactions onto glycogen external chains than to synthesise an K-1,4-glucan directly from sucrose alone. The strong activation of amylosucrase by glycogen could be explained by the binding of an external chain of glycogen, which could induce important changes in enzyme conformation.
However, the e¡ect of glycogen concentration on the initial rate of sucrose consumption is also dependent on sucrose concentration. Indeed, the activator e¡ect of glycogen decreased at high sucrose concentrations and all the curves obtained for the di¡erent glycogen concentrations tested present a maximum (Fig. 1A) . Interestingly, the position of the maximum shifted towards high sucrose concentrations when the glycogen concentration increased (Table 3) . Consequently, at high concentrations, sucrose prevents the glycogen activator from being e¡ective, suggesting competition between sucrose and glycogen. Plots of reciprocal initial rate versus reciprocal glycogen concentration for various sucrose concentrations (Fig. 1D) reveal two di¡erent kinetic behaviours at low and high sucrose concentrations. At low sucrose concentrations, the pro¢les are linear, which could be related to the fact that no signi¢cant competition occurs between glycogen and sucrose. At high sucrose concentrations, the curves present two lines having di¡erent slopes at low and high glycogen concentrations. The intersect of the two lines corresponds to glycogen concentrations that increase with sucrose concentrations. This is due to the decrease of the activator e¡ect of glycogen at high sucrose concentrations ; this is even more visible at 300 mM and 600 mM sucrose.
In plots of the reciprocal of initial rate versus reciprocal of sucrose concentration for various glycogen concentrations (Fig. 1B) , the negative slopes correspond to the decrease of the activator e¡ect of glycogen at high sucrose concentration. Considering only the positive slopes of the curves obtained at low sucrose concentrations, all the lines intersect on the X axis at the same value, corresponding to an apparent Michaelis constant (K mY app ) for sucrose of 26 mM. Therefore, this constant does not seem to be a¡ected by glycogen concentrations at low sucrose concentrations.
Finally, in the presence of glycogen as an acceptor of glucosyl units, the direct and reciprocal plots of the initial sucrose consumption rate versus sucrose or glycogen concentration do not ¢t either a classical two-substrate reaction model or a simple activation model.
Discussion
The kinetic values obtained in the presence of both sucrose and glycogen demonstrate the complexity of the catalytic mechanism of amylosucrase, which was never previously described. If we consider the curves obtained for only one glycogen concentration, resulting in the decrease of the initial reaction rate at high sucrose concentrations, we could have concluded to a standard substrate inhibition model, as previously published [9^11,6]. Nevertheless, so far, all authors studied the reaction at only one glycogen concentration. Consequently, the present study shows for the ¢rst time that activation by glycogen depends on its concentration, and also, more interestingly, on the sucrose concentration. From the increase of the optimal sucrose concentration with the glycogen concentration (Table 2), the decrease of the initial reaction rate at high sucrose concentrations appears to result from the decrease of the activator e¡ect of glycogen, due to competition between sucrose and glycogen, rather than from a real substrate inhibition.
The active site of amylosucrase contains the catalytic triad invariably conserved in the enzymes from the K-amylase family [8, 15] . These three essential amino acids are probably involved in sucrose cleavage and in the formation of the glucosyl^enzyme intermediate. Nevertheless, the competition phenomenon suspected between sucrose and glycogen suggests the presence of a second, non-catalytic binding site, capable of binding acceptors like glycogen and also sucrose. This hypothesis could explain the following observations:
b In the absence of exogenous glucan acceptor, we have recently shown that the initial sucrose consumption rate does not ¢t a Michaelis^Menten model, and that the distribution of the reactions (polymerisation, sucrose hydrolysis and oligosaccharide synthesis) is dependent on sucrose concentration [12] . For substrate concentrations lower than 20 mM, hydrolysis and acceptor reactions were favoured to the detriment of the polymerisation reaction [12] . So, the acceptor binding site could be occupied by the glucose released into the medium by sucrose hydrolysis.
b At sucrose concentrations higher than 20 mM, sucrose could bind to the acceptor site and increase the apparent catalytic constant (k catY app ) of amylosucrase, perhaps by inducing a conformational change. The polymerisation reaction would then be favoured, because sucrose binding would partially exclude glucose and maltose binding.
b Lastly, in the presence of glycogen as an acceptor of glucosyl units, glycogen could strongly bind to the acceptor site, excluding the binding of water and other acceptors (e.g. glucose, maltose), and thus oligosaccharide synthesis, which correlates with the absence of sucrose hydrolysis and oligosaccharide synthesis at high glycogen concentrations. At high sucrose concentrations, sucrose may compete with glycogen for the acceptor binding site, allowing sucrose hydrolysis and oligosaccharide synthesis, which occur in the same proportions as in the absence of glycogen. Interestingly, in the presence of glycogen, the apparent K m for sucrose is 26 mM, as in the presence of high sucrose concentrations in the absence of glycogen [12] . Consequently, this value could correspond to the apparent K m for sucrose when the non-catalytic binding site is occupied.
The presence of an acceptor binding site, capable of binding sucrose, is in accordance with previously published results concerning other glucan-sucrases. Indeed, the work of Germaine and Schachtele [16] on the dextransucrase from Streptococcus mutans revealed the presence of two di¡erent sucrose binding sites in the absence of dextran, and only one in the presence of dextran. Moreover, Funane et al. [17] localised a second sucrose binding site in the dextransucrase from Leuconostoc mesenteroides NRRL B-512F, the presence of which having been con¢rmed later by Su and Robyt [18] .
Moreover, if this site was common to the growing chain binding site (in the presence of sucrose as sole substrate), sucrose would then be found at the extremity of the polymer. This phenomenon was already observed in the case of the dextran synthesised by GTF-S from Streptococcus sobrinus [19] .
Finally, all these results concerning the e¡ect of glycogen on the diversity of the reactions catalysed by amylosucrase and on the kinetic data are in accordance with the presence of a second non-catalytic site common to the binding of sucrose and acceptors. In spite of their coherence, the hypotheses we have proposed have to be con¢rmed and the acceptor site to be localised, by di¡usion soaking experiments using the available amylosucrase crystal [14] , in the presence of acceptors like glucose or maltose, and of a competitive inhibitor (fructose for instance).
